Terfenadine (4-[4-(hydroxydiphenylmethyl)-1-piperidyl]-1-(4-tert-butylphenyl)-butan-1-ol) was identified in a biological screening to be a moderate inhibitor (27 % inhibition) of the CD81-LEL-HCV-E2 interaction. To increase the observed biological activity, 63 terfenadine derivates were synthesized via microwave assisted nucleophilic substitution. The prepared compounds were tested for their inhibitory potency by means of a fluorescence labeled antibody assay using HUH7.5 cells. Distinct structure-activity relationships could be derived. Optimization was successful, leading to 3g, identfied as the most potent compound (69 % inhibition). Experiments with viral particles revealed that there might be additional HCV infection reducing mechanisms.
Structure Modification
Based on these results, a series of terfenadine derivatives was prepared seeking to increase the inhibitory activity and to derive structure-activity relationships. The following structural features were modified: length of the alkyl "linker" between the piperidine and the phenyl moiety, alkyl substituent on the phenyl ring, secondary hydroxy group and the azacyclonol moiety.
Syntheses
The first step of the preparation was a Friedel-Crafts (FC) acylation of the benzene derivative with aluminium chloride as catalyst and the carboxylic acid chloride of the corresponding ω-bromocarboxylic acid, prepared using thionyl chloride (Scheme 1). The synthesized 1-aryl-ω-bromo ketones are shown in Table 1 .
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Reagents and conditions for the FC acylation and synthesized 1-aryl-ω-bromo ketones. Table 1 . Synthesized 1-aryl-ω-bromo ketones 1a-1x (n = 3-5; R = H; C 1 -C 4 ). In the second reaction step (Scheme 2) the precursors 1a-1x were coupled to azacyclonol according to a described procedure [6] . The classical nucleophilic substitution was optimized for microwave assisted synthesis. The desired compounds were obtained in satisfying yields in a very short time (5-45 minutes) . This led to compounds 2a-2x, shown in Table 2 . Table 2 . Synthesized terfenadine derivatives 2a-2x and 3a-3w (n = 3-5; R = H; C 1 -C 4 ). R n compound n compound n compound n compound n compound n compound A sodium borohydride reduction (Scheme 3) of the ketone function followed. The prepared alcohols 3a-3w, which were obtained as racemates, are also listed in Table 2 . Since azacyclonol, the second component for the coupling reaction, was commercially available, this synthetic procedure facilitated the preparation of a large variety of compounds in a minimum amount of time. For further modification of the secondary hydroxy group the ester 5a, the amide 5b and the alkane 8a were synthesized.
Activation of 6-bromo hexanoic acid with thionyl chloride followed by addition of commercially available 4-tert-butyl phenol and 4-tert-butyl aniline, respectively, led to the ω-bromo substituted precursors 4a and 4b (Scheme 4). Next, these precursors were nucleophilically coupled to azacyclonol, leading to compounds 5a and 5b, respectively (Scheme 5). For the synthesis of 8a compound 1h was reduced using sodium borohydride. The resulting alcohol 6a was converted into the corresponding alkane 7a by means of a mixture of indium(III) chloride and chlorodiphenylsilane (Scheme 6) and subsequently coupled to azacyclonol, leading to compound 8a (Scheme 7). The exchange of the azacyclonol component by smaller piperidine moieties started from the 1-aryl-ω-bromo ketone 1o and was accomplished via microwave assisted nucleophilic substitution, followed by reduction of the ketone (Scheme 8). The prepared compounds 9a-9d, as well as the corresponding alcohols 10a-10d, obtained as racemates, are shown in Table 3 . Furthermore, 1o was reacted with morpholine and piperidin-4-one resulting in compounds 11a, 12a and 13a (scheme 9). The morpholine derivative 12a was obtained as a racemate. For the syntheses of the pyrrolidine compounds 15a and 16a, 1o was coupled with diphenyl(pyrrolidin-3-yl)methanol (14a). The resulting ketone 15a was reduced with sodium borohydride (Scheme 10), leading to the desired compound as a racemate. 
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Biological evaluation
The synthesized terfenadine derivatives were tested for their inhibitory potency using the antibody neutralization (AN) assay mentioned above (Tables 4-8 ) [4] . In this assay the potential inhibitors and the fluorescence-labeled antibody JS81 compete for binding to the LEL on the CD81 receptor molecule. The reduction of the interaction of JS81 with CD81 on HUH7.5 cells caused by the compounds decreases fluorescence which is measured by FACS in comparison to untreated control cells.
The % inhibition values of compounds 2a-2x (Table 4 ) and 3a-3w (Table 5) show that the alkyl substituent R on the phenyl ring has a major influence on the activity. Another important feature is obviously the length of the linker, whereas the activities of the ketones (Table 4 ) and the corresponding alcohols (Table 5) do not differ significantly, at least in case of the n-propyl and n-butyl compounds. Increasing the size of R from hydrogen to bulkier alkyl substituents increases inhibition. A maximum inhibition, not depending on the linker length, could be reached by the use of n-propyl for the ketones and iso-butyl for the alcohols, with the exception of compounds 2d and 3w, which are less active than the analogous 2e and 3v. Generally, compounds with n = 3 show a lower inhibition than those with n = 4 or 5, with the exception of 3v, which is more active than 3f and 3n. Furthermore, reduction of the ketones 2a-2x to the corresponding alcohols 3a-3w and terfenadine led to a decreased activity for compounds with small substituents at the phenyl ring, whereas a reduction of bulky substituted compounds led to derivatives with comparable inhibition. The reduction of the ketones with R = iso-propyl to the corresponding alcohols led to a nearly complete loss of biological activity. The most active compound in this series of terfenadine derivatives is 3g (69 % inhibition). Therefore, the hexanol linker combined with an iso-butyl group at the phenyl ring is the most favorable substitution pattern in this class of compounds.
Replacement of the azacyclonol moiety by smaller piperidine residues (9a-9c, 10a-10c and 11a-13a) led to a loss of inhibitory activity compared to the reference compounds 2o and 3o (Table 6 ). Substitution of the piperidine group by a 4-benzyl group (9d and 10d) increased the inhibition to a moderate level. Again bulky substituents are essential for activity at this part of the molecule. Reduction of the secondary hydroxy group of 3h to the corresponding alkane 8a led to a strong decrease of inhibition ( Table 7) . Exchange of the ketone of 2h by an ester function (compound 5a) did not influence the inhibitory activity, whereas an amide group (compound 5b) increased the inhibition. These SAR results indicate that the functional group X might act as an H-bond acceptor interacting with the CD81 protein. Exchange of the piperidine of the azacyclonol moiety of 2o and 3o by pyrrolidine (compounds 15a and 16a) did not lead to a significant change of the inhibitory activity (Table 8) . Obviously due to the flexibility of the chain, appropriate conformations can be found for both heterocycles. Table 8 . Inhibition of protein interaction in AN assay by compounds 15a, 16a compared to compounds 2p and 3p (R = azacyclonol, concentration: 50 µM, standard deviation ≤ 6 %). Selected compounds with high, moderate and low inhibition in the AN assay were tested for their inhibition in an infectivity assay developed by Pietschmann and coworkers [7] (Table 9) , in which HUH7.5 cells were incubated with HCV particles of the LUC-Jc1 genome (genotype 2a) [8] and potential inhibitors. After 48 hours, the cells were lysed and luciferase activity (a marker of infection and viral replication) was measured. The infectivity assay was performed at the highest non-cytotoxic concentrations of the compounds (0.5 µM: 2e, 2s, 3f, 3g, 3i, 8a and 5 µM: 3q, 10d).
Compounds with high biological activity in the neutralization assay showed good inhibition in the infectivity assay as well. This clearly indicates that inhibition of the protein-protein interaction leads to a reduction of infectivity. On the other hand there are compounds which reduced infectivity without having been active in the AN assay. One plausible reason for this phenomenon could be an interaction of these compounds with an additional target which is involved in viral infection. 
Conclusions
After having identified terfenadine as an active compound inhibiting the CD81-LEL-HCV-E2 interaction by 27 %, the compound was structurally modified with the aim of increasing the activity.
The results obtained clearly demonstrate that a bulky substituent at the phenyl moiety as well as an additional bulky substituent at the other part of the molecule (like azacyclonol) are necessary for activity as well as the secondary OH-group. Another H-bond acceptor like ketone, ester or amide can replace the latter. Importantly, the activity of the parent compound can be increased by elongation of the alkyl chain resulting in 3g with an inhibition of 69 %. A further experiment with viral particles and HUH7.5 cells showed that there are possibly further mechanisms by which the test compounds unfold their anti-viral activity. These mechanisms remain to be elucidated.
Experimental
General
Solvents and reagents were used as received from commercial distributors without further purification. Anhydrous reactions were conducted under a nitrogen atmosphere. Proton and carbon NMR spectra (in CDCl 3 , unless otherwise noted) were recorded on a Bruker AM 500 instrument The proton NMR spectra were recorded at 500 MHz, the carbon NMR spectra at 125 MHz. Chemical shifts δ are reported in ppm units. Molecular mass was determined by liquid chromatography -tandem mass spectrometry (LC-MS/MS) using a TSQ Quantum from Thermo Finnigan equipped with an electro spray interface and connected to a Surveyor HPLC (Thermo Finnigan). Positive and negative ion mass spectra were recorded (mass range m/z 150-1500) in normal scan mode. Melting points were determined using a Stuart Scientific SMP3 melting point apparatus. IR measurements were performed on a Bruker Vector 33 at a frequency range from 4000-250 cm -1 . Wave numbers υ are reported in cm -1 . Microwave assisted syntheses was performed using a CEM DISCOVER microwave oven or a MLS MultiSYNTH microwave oven respectively. Preparative HPLC was carried out using an Agilent Technologies, 1200 Series Isocratic, with an Agilent Prep-C18 (5 µm; 30x100mm) preparative column using 70:30 methanol/water as eluent. Flash chromatography was performed using Merck silica gel 35/40-63/70.
Antibody neutralization assay.
For the antibody neutralization assay HUH7.5 cells were used, derived from a human hepatoma cell line which was preselected via FACS for cells displaying high amounts of CD81 on their cell surface. Cells were grown under standard conditions (Dulbecco's Modified Eagle's Medium with 10 % FCS, 1% penicillin/streptavidin, pH 7.4, at 37°C with 5% CO 2 ). 
Infectivity assay.
In vitro synthesis of the LUC-Jc1 RNA genome in which the luciferase reporter gene was inserted into the genome of the Jc1 HCV variant and electroporation of Huh-7 cells was performed as described previously [9, 10] . We collected culture medium containing viral particles 48 h after transfection. HUH7.5 target cells were seeded 24 h before infection at a density of 6·10 5 cells/well in a 24 well plate. Cells were infected with 200 µL inoculum containing the potential inhibitors at 5 µM or 0.5 µM for 4 h. Concentrations were chosen according to the highest non-cytotoxic concentration of the given compound. Cells were washed, complete medium was added and cells were cultured for 48 h. Afterwards cells were lysed for luciferase assay as previously described [7] .
Chemistry General procedure for the Friedel-Crafts-acylation
The carboxylic acid was stirred with thionyl chloride (10 mL) at room temperature for 1h. After removing the excess of thionyl chloride under reduced pressure, dry dichloromethane (15 mL) and the benzene derivative (1 equivalent, referring to the carboxylic acid) were added. The solution was cooled to 0 °C and AlCl 3 (1.2 equivalents) were added. After stirring at that temperature for 45 min, the mixture was hydrolyzed, the layers separated and the water phase was extracted with dichloromethane two times. The combined organic layers were dried and the solvent removed. Flash chromatography using 1/15 ethyl acetate/n-hexane as eluent led to the desired compounds.
General procedure for the nucleophilic substitution
Azacyclonol (1 equivalent), ketone (1 equivalent), potassium carbonate (5 equivalents), a catalytic amount of potassium iodide and 18-crown-6 were stirred in dry acetonitrile (4 mL) in the microwave (CEM Discover) at 150 Watt, 6.5 bar, 175 °C for 45 min or (MultiSYNTH) at 100 Watt, 140 °C, 3 h (2g, 2h, 2t, 2u, 2v, 2w) or at 50 Watt, 100 °C, 5 min (8a). The microwave assisted reactions were performed in a continuous air stream cooled closed vessel. Reaction temperature was monitored via an IR sensor in both microwave ovens and an additional fiber optic component in case of the MultiSYNTH. After filtering off the remaining precipitate the solvent was removed. The impurities could not be removed completely by flash chromatography (6/1 ethyl acetate/n-hexane + 3 % NEt 3 ), so preparative HPLC (isocratic 70/30 MeOH/H 2 O) was performed and the pure product isolated.
General procedure for the reduction of the ketones
Sodium borohydride (5 equivalents) and ketone (1 equivalent) were added to 2 mL methanol at 0 °C. After stirring for 30 min a spatula tip of sodium borohydride was added to the mixture which was stirred for another 30 min at 0 °C. The mixture was hydrolyzed using 2 mL NH 4 Cl-solution. After removing the solvents under reduced pressure, the remaining solid was washed two times with methanol and ethyl acetate (2 mL each). The combined organic layers were freed from solvent and the raw product was purified by preparative HPLC (isocratic MeOH/H 2 O: 70/30) to give the racemates in satisfying yields.
General procedure for the ester and amide coupling
The carboxylic acid (1 equivalent) was stirred with an excess of thionyl chloride for 1 hour at room temperature. The resulting clear solution was freed from remaining thionyl chloride under reduced pressure. The acid chloride was dissolved in dry dichloromethane and added dropwise at 0 °C to a solution of the corresponding alcohol or amine (1.2 equivalents) and an equimolar amount of triethylamine in dry dichloromethane. After stirring for 30 minutes at 0 °C the mixture was warmed to room temperature and stirred for 1 hour. The precipitated solid was filtered off. The solvent was removed and the raw product purified by column flash chromatography using an ethyl acetate/nhexane mixture. 
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